The effect of gamma radiation in the range of 0-1409 MGy on the structure of a new mineral additive to cement based composites was investigated in the perspective of employing them as radioactive waste protection material. According to the authors knowledge, it is the first paper dealing with observations of the cement matrix, both pure and modified, treated with so giant radiation dose. The absorption of gamma radiation modifies the morphology of the additive grains, causes decomposition of cement hydrates and clinker relicts in cement paste containing the additive at twice higher radiation dose than that inducing the decomposition of the reference pure cement paste and the cement paste containing pozzolane additives.
Introduction
Safe storage of radioactive wastes is of essential importance for life and health on the Earth [1] . At present, the basic storage material is concrete based on pure cement as well as on cement modified with various mineral additives (e.g. fly ash and silica fume). Cement is commonly applied for manufacturing of containers and concrete shields, for sealing the bore-holes, shafts and tunnels in radioactive cemeteries located in rocky massifs. Cement is also used as a matrix enabling homogeneous distribution of radioactive components. Properties of the cement and additives determine the resistance of the protective material. Unfortunately, the cement-based materials undergo radiation damage. Many research projects are aimed for improving the durability of cement based composites by their modification [2] [3] [4] .
Changes in the cement paste phase composition through a modification by mineral additives † decreases the contribution of the fraction of crystalline phases, e.g. portlandite (C-H), increases that of the fraction of gel phases, e.g. tobermorite-like phases (C-S-H), and reduces the number of large capillary pores [5] [6] [7] . Gel phases extend the diffusion distance and hinder the penetration of aggressive chemical compounds. The modifications of this type enhance the resistance to aggressive agents and are usually realized by introduction of fly ash ‡ (FA) and/or silica fume § (SF), see Fig. 1a [8] . Application of specific additives could enable cement matrix modification by radiation absorption in order to improve the durability of a cement-based composite. Activated GA granulate, which is an amorphous mineral obtained from industrial waste [9] , can play such a role in the cement based composite (Fig. 1b) . This additive transforms to crystalline phases under the influence of high temperatures. The GA additive gelates in acidic environments. As pH decreases, GA slowly activates and transforms into ionic form and modification of cement matrix by GA increases its chemical resistance to aggressive environments [10] [11] [12] .
Experimental details
Granulates containing the GA and the GA-modified cement paste were exposed to gamma radiation along with some reference additives, as well as pure † European standard EN 206-1 "Concrete -Part 1: Specification, performance, production and conformity" defines concrete additives.
‡ European standard EN 450 "Fly ash for concrete -Definition, requirements and quality control". § European standard EN 13263 "Silica fume for concrete -Definition, requirements and conformity control. cement paste and cement pastes containing silica fume or fly ash. For more sample details see Table I . Cement pastes were placed in the radiation chamber after 90 days of hardening (involving mainly cement hydration processes and pozzolane reactions) [5, 6] . Gamma 60 Co radiation in a radiation chamber with general activity of 1036 TBq and the dose power of 38-40 kGy/h were applied. Temperature in the chamber was stabilized at 20±2
• C. Structural transformations were systematically verified for 10 years. Samples exposed to different doses of gamma radiation were tested using scanning electron microscopy (SEM) and X-ray diffraction (XRD) (c.f. Table II and III). Phase composition was determined using Co K α radiation on computer-aided TUR-61 X-ray diffractometer equipped with HZG-3 goniometer. X-ray data were collected using Xdata [13] software (ver. 8255-HZG-3), X-ray spectra were processed using Xview [14] software (ver. 2.01). Measurements were performed in the 10
• −80 • 2Θ, range, with the 0.02 • detector step and 5 s counting time. Phase analyses were performed using Xrayan [15] and Powder Cell 2.3 [16] programs. Peaks were labelled using abbreviations commonly accepted in cement chemistry (c.f. phase names and their abbreviations: quartz (Q); portlandite (P); calcite (K); ettringite (E); belite (B); alite (A); gypsum (G); tobermorite (T); va-terite (V); brownmillerite (Bm); monosulfate (M); mullite (Mu); syllimanite (St); Ca(OH) 2 (C-H); nCaO·pSiO 2 · qH 2 O (C-S-H)).
TABLE II
Irradiated samples, applied doses, and observed effects for additives. Surface morphology was observed using the variable pressure VEGA TS 5135 MM scanning electron microscope (SEM).
Results and discussion
Surface effects observed on irradiated grains of GA additive in SEM (Fig. 2) indicate subsequent structural transformations. The phenomenon is proposed to be attributed to a conversion of the gamma radiation energy to the crystal lattice energy. Other additives (FA, SF) did not reveal such effects. Figure 3 presents the results of XRD for GA irradiated with different doses. At the highest dose (≈ 1400 MGy, Fig. 3 (4) ) the broad peaks, ascribed to GA before irradiation, disappeared. (Fig. 2) modification of the surface of irradiated grains of additive was observed, indicating possible phase transformation induced by energy absorption. Individual images show: the initial state of grain surface (Fig. 2 (1) ), appearing of grains of an amorphous phase and evidences for crystallization at 510 MGy ( Fig. 2 (2) ). The following images show: distinct signs of crystallization at 685 Fig. 2 (3) ), aggregation of an amorphous phase at 685 MGy ( Fig. 2 (4) ), formation of fine crystallites on the surface of aggregates of amorphous grains at 1409 MGy (Fig. 2 (5) ).
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The above mentioned changes was not observed when other additives (SF, FA) were used, i.e. additives for which the energy of radiation is not converted into chemical energy. phases formed during cement hydratation. Moreover, decomposition of cement clinker phases was observed (alite, belite, brownmillerite).
SEM observations (Fig. 5) indicate that pure cement paste has the lowest resistance to gamma radiation. Pseudomorphoses ¶ were already observed after a dose of 130 MGy.
It can be deduced from Fig. 6 (presenting the XRD results for cement paste containing the GA additive -PGA30) that fraction of crystalline phase formed previously during cement hydratation has been reduced with increased radiation dose. GA additive stabilizes the content of Ca(OH) 2 , at the maximum radiation dose a new crystalline phase (quartz) appeared (Fig. 7 (5) ). Decomposition of three clinker relict phases, above mentioned, was also observed.
It was concluded from SEM observations of cement paste containing GA additive (Fig. 7 (3) ) that appearing of pseudomorphoses was deplaced toward larger radiation doses. The same observation concerns decomposition of clinker relict phases (alite, belite, brownmillerite). Figure 8 presents the results of XRD for a paste that contains the silica fume (PSF10). It is evident from that figure that decomposition of crystalline ¶ The original hydrated minerals of the cement matrix vanished due to their gamma--induced decomposition. Remaining caves with shape of the original material was filled in with the residual substances. (1) 0, (2) 130, (3) 290, (4) 466, (5) phases (a result of cement hydratation and pozzolana reactions), progressed with increasing radiation dose, leading to amorphization (Fig. 8 (4) ). Decomposition of clinker phases was also observed. Figure 9 presents the results of SEM for paste containing silica fume (PSF10). Pseudomorphoses were observed at a dose of 290 MGy (Fig. 9 (2) ). Progressively with radiation dose microcracks appeared (Fig. 9 (3) ). In Fig. 9 (4) the completely amorphous cement matrix is shown. It is evident that with inreasing gamma radiation dose, the fraction of crystalline phases dropped. Amorphization of cement hydrates under influence of gamma radiation has revealed crystalline phases, which have existed in the cement paste at zero radiation dose, and had been introduced with ash (mullite, syllimanite, quartz) (Fig. 10, curves 3-5) . Decomposition of clinker phases (alite, belite, brownmillerite) was also observed. Figure 6b presents the results of SEM for paste containing fly ash (PFA60). Pseudomorphoses have appeared after a radiation dose of 290 MGy (Fig. 11 (2) ). Bubbles observed in SEM (Fig. 11 (3) ) are the effect of separation of a chemically bonded water. Numerous cracks in cement matrix were also observed. Significant destruction of cement phases is visible in Fig. 11 (4) . Phases introduced with fly ash (mainly mullite) are clearly visible.
Changes in cement matrix with different additives exposed to gamma radiation are summarized in Fig. 12 .
On the basis of the performed observations the cement matrix decomposition process could be discussed.
Figures 5, 7, 9, 11 suggest that the effect of the gamma radiation on the cement paste increases more pronouncedly with the radiation dose. This finding is confirmed by XRD results shown in Figs. 4, 6, 8, 10 . PO OPC cement paste without additives (Figs. 4, 5 ) and PSF10 paste containing silica fume (Figs. 8, 9 ) had the lowest resistance to gamma radiation. PFA60 cement paste containing fly ash revealed higher resistance to gamma radiation, however at a large dose of irradiation a decomposition of the cement matrix was observed (Figs. 10, 11) . Radiation induced amorphization of cement hydrates in a paste containing PFA60 ash, and finally the decomposition of the cement phases revealed the presence of the most resistant crystalline phases (mullite, syllimanite and quartz) introduced with the ash (Fig. 10) . Bubbles observed in SEM are the effect of separation of a chemically bonded water (Fig. 11) .
SEM observations revealed the following steps of the destruction process: decomposition of hydrates, separation of a chemically bonded water, appearance of pseudomorphoses and densification. In the irradiated cement paste with GA additive the above-mentioned sequence of the phenomena occurs at higher radiation doses to produce the level of damage similar to the observed for the other pastes (Fig. 4) . Comparison of the XRD data for basic cement paste with those for the cement pastes containing GA, SF and FA additives (Figs. 4, 6, 8, 10) indicates that, when omitting influence of preferred orientation on the peak intensity, the radiation applied in this study has induced decomposition of both hydrates and clinker phase relicts, but at different doses. In GA containing cement paste the decomposition of relicts and hydrates occurred upon irradiation with larger doses (Fig. 12c) .
The results obtained in this study indicate that the GA additive has increased in the durability of cement composites. The SEM and XRD results presented were obtained in a part of complex studies of the cement-matrix resistance to various corrosive factors.
The highest applied radiation dose was about 40% above than anyone reported in literature in studies of the long term performance of concrete in nuclear applications [17] , furthermore for the first time the influence of temperature was eliminated.
Further research is planned using synchrotron radiation in order to better describe structural transformations leading to increased durability of the cement--matrix protective effect against gamma radiation.
